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Abstract
Neutrinos are the fundamental particles, blind to all kind of interactions except the weak and
gravitational. Hence, they can propagate very long distances without any deviation. This char-
acteristic property can thus provide an ideal platform to investigate Planck suppressed physics
through their long distance propagation. In this work, we intend to investigate CPT violation
through Lorentz invariance violation (LIV) in the long-baseline accelerator based neutrino experi-
ments. Considering the simplest four-dimensional Lorentz violating parameters, for the first time,
we obtain the sensitivity limits on the LIV parameters from the currently running long-baseline
experiments T2K and NOνA. In addition to this, we show their effects on mass hierarchy and CP
violation sensitivities by considering NOνA as a case study. We find that the sensitivity limits on
LIV parameters obtained from T2K are much weaker than that of NOνA and the synergy of T2K
and NOνA can improve these sensitivities. All these limits are slightly weaker (2σ level) compared
to the values extracted from Super-Kamiokande experiment with atmospheric neutrinos. Moreover,
we observe that the mass hierarchy and CPV sensitivities are either enhanced or deteriorated sig-
nificantly in the presence of LIV as these sensitivities crucially depend on the new CP-violating
phases. We also present the correlation between sin2 θ23 and the LIV parameter |aαβ |, as well as
δCP and |aαβ |.
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I. INTRODUCTION
Neutrinos are considered to be the most fascinating particles in nature, posses many
unique and interesting features in contrast to the other Standard Model (SM) fermions. The
effort of many dedicated neutrino oscillation experiments [1–16] over the last two decades,
provide us a splendid understanding about the main features of these tiny and elusive par-
ticles. Indeed we now know that neutrinos are massive albeit extremely light, and change
their flavour as they propagate. This intriguing characteristic, known as neutrino oscillation,
bestows the first experimental evidence of physics beyond the SM. Without the loss of gener-
ality, SM is considered as a low-energy effective theory, emanating from a fundamental unified
picture of gravity and quantum physics at the Planck scale. To understand the nature of the
Plank scale physics through experimental signatures is therefore of great importance, though
extremely challenging to identify. Lorentz symmetry violation constitutes one of such sig-
nals, basically associated with tiny deviation from relativity. In recent times, the search for
Lorentz violating and related CPT violating signals have been explored over a wide range of
systems and at remarkable sensitivities [17–28]. One of the phenomenological consequences
of CPT invariance is that a particle and its anti-particle will have exactly the same mass
and lifetime and if any difference observed either in their mass or lifetime, would be a clear
hint for CPT violation. There exists stringent experimental bounds on Lorentz and CPT
violating parameters from kaon and the lepton sectors. For the kaon system, the observed
mass difference provides the upper limit on CPT violation as
∣∣mK0 −mK0∣∣/mK < 6× 10−18
[29], which is quite stringent. However, parametrizing in terms of m2K rather than mK , as
kaon is a boson and the natural mass parameter appears in the Lagrangian is the squared
mass, the kaon constraint turns out to be
∣∣m2K0 − m2K0
∣∣ < 0.25 eV2, which is comparable
to the bounds obtained from neutrino sector, though relatively weak. Furthermore, neutri-
nos are fundamental particles, unlike the kaons hence, the neutrino system can be regarded
as a better probe to search for CPT violation. For example, the current neutrino oscil-
lation data provides the most stringent bounds:
∣∣∆m221 − ∆m221∣∣ < 5.9 × 10−5 eV2 and∣∣∆m231 −∆m231∣∣ < 1.1× 10−3 eV2 [30]. Recently, MINOS experiment [31] has also provided
the bound on the atmospheric mass splitting for the neutrino and antineutrino modes at 3σ
C.L. as |∆m231−∆m¯231| < 0.8×10−3 eV2. If these differences are due to the interplay of some
kind of CPT violating new physics effects, they would influence the oscillation phenomena
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for neutrinos and antineutrinos as well as have other phenomenological consequences, such
as neutrino-antineutrino oscillation, baryogenesis [32] etc.
It is well known that the local relativistic quantum field theories are based on three main
ingredients: Lorentz invariance, locality and hermiticity. The CPT violation is intimately
related to Lorentz violation, as possible CPT violation can arise from Lorentz violation, non-
locality, non-commutative geometry etc. So if CPT violation exists in nature and is related
to quantum gravity, which is supposedly non-local and expected to be highly suppressed,
long-baseline experiments have the capability to probe such effects. Here, we present a brief
illustration about, how the violation of Lorentz symmetry can affect the neutrino propaga-
tion. In general, Lorentz symmetry breaking and quantum gravity are interrelated, which
requires the existence of a universal length scale for all frames. However, such universal
scale is in conflict with general relativity, as length contraction is one of the consequences of
Lorentz transformation. Such contradiction can be avoided by the modification of Lorentz
transformations (or in other words modifying dispersion relations). The effects of perturba-
tive Lorentz and CPT violation on neutrino oscillations has been studied in [33]. Moreover,
it has been shown explicitly in Ref. [34], how the oscillation probability gets affected by
the modified dispersion relation, however, for the sake of completeness we will present a
brief discussion about it. The modified energy-momentum relation for the neutrinos can be
expressed as
E2i = p
2
i +
1
2
m2i
(
1 + e2AiEi/m
2
i
)
, (1)
where mi, Ei and pi are the mass, energy and momentum of the ith neutrino in the mass
basis, and Ai is the dimensionful and Lorentz symmetry breaking parameter. Assuming
that all the neutrinos have the same energy (E), the probability of transition from a given
flavour α to another flavour β for two neutrino case is given as
P (να → νβ) = 1− sin2 2θ sin2
(
∆pL
2
)
, (2)
where θ represents the mixing angle and
∆p ≈ ∆m
2
2E
+
1
2
(Ai − Aj), (3)
with ∆m2 = m2i − m2j . Hence, the neutrino oscillation experiments might provide the
opportunity to test this kind of new physics. The limits on Lorentz and CPT violating
3
parameters from MINOS experiment are presented in [35]. The possible effect of Lorentz
violation in neutrino oscillation phenomena has been intensely investigated in recent years
[21, 33, 34, 36–54].
In this paper, we are interested to study the phenomenological consequences introduced in
the neutrino sector due to the presence of Lorentz invariance violation terms. In particular,
we investigate the impact of such new contributions on the neutrino oscillation probabilities
for NOνA experiment. Further, we obtain the sensitivity limits on the LIV parameters from
the currently running long-baseline experiments T2K and NOνA. We also investigate the
implications of LIV effects on the determination of mass ordering as well as the CP violation
discovery potential of NOνA experiment.
The outline of the paper is as follows. In section II, we present a brief discussion on
the theoretical framework for incorporating LIV effects and their implications on neutrino
oscillation physics. The simulation details used in this analysis are discussed in section
III. The impact of LIV parameters on the νµ → νe oscillation probability is presented in
Section IV. Section V contains the discussion on the sensitivity limits on LIV parameters,
which can be extracted from T2K and NOνA experiments. The discussion on how the
discovery potential for CP violation and the mass hierarchy sensitivity get affected due to
the presence of LIV, the correlation between LIV parameters and δCP as well as θ23 are
illustrated in Section VI. Finally we present our summary in section VII.
II. THEORETICAL FRAMEWORK
The Lorentz invariance violation effect can be introduced as a small perturbation to the
standard physics descriptions of neutrino oscillations. Thus, the effective Lagrangian that
describes Lorentz violating neutrinos and anti-neutrinos [17, 55] is given as
L = 1
2
Ψ¯A(iγ
µ∂µδAB −MAB + QˆAB)ΨB + h.c. , (4)
where ΨA(B) is a 2N dimensional spinor containing the spinor field ψα(β) with α(β)
ranges over N spinor flavours and their charge conjugates ψCα(β) = Cψ¯
T
α(β), expressed as
ΨA(B) = (ψα(β), ψ
C
α(β))
T and the Lorentz violating operator is characterized by Qˆ. Restrict-
ing ourselves to only a renormalizable theory (incorporating terms with mass dimension ≤4),
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one can symbolically write the Lagrangian density for neutrinos as [55]
LLIV = −1
2
[
pµαβψ¯αγµψβ + q
µ
αβψ¯αγ5γµψβ − irµναβψ¯αγµ∂νψβ − isµναβψ¯αγ5γµ∂νψβ
]
+ h.c. , (5)
where pµαβ , q
µ
αβ , r
µν
αβ and s
µν
αβ are the Lorentz violating parameters, in the flavor basis. Since,
only left-handed neutrinos are present in the SM, the observable effects which can be explored
in the neutrino oscillation experiments can be parametrized as
(aL)
µ
αβ = (p+ q)
µ
αβ , (cL)
µν
αβ = (r + s)
µν
αβ . (6)
These parameters are hermitian matrices in the flavour space and can affect the standard
vacuum Hamiltonian. The parameter (aL)
µ
αβ is related to CPT violating neutrinos and
(cL)
µν
αβ is associated with CPT-even, Lorentz violating neutrinos. Here, we consider the
isotropic model (direction-independent) for simplicity, which appears when only the time-
components of the coefficients are non-zero i.e., terms with µ = ν = 0 [17]. The sun-centred
isotropic model is a popular choice and in this frame, the Lorentz-violating isotropic terms
are considered as (a)0αβ and (c)
00
αβ. Here onwards we change the notation (aL)
0
αβ to aαβ and
(cL)
00
αβ to cαβ for convenience. Taking into account only these isotropic terms of Lorentz
violation parameters, the Hamiltonian for neutrinos, including LIV contributions becomes
H = Hvac +Hmat +HLIV , (7)
where Hvac and Hmat correspond to the Hamiltonians in vacuum and in the presence of
matter effects and HLIV refers to the LIV Hamiltonian. These are expressed as
Hvac =
1
2E
U


m21 0 0
0 m22 0
0 0 m23

U †, Hmat =
√
2GFNe


1 0 0
0 0 0
0 0 0

 , (8)
HLIV =


aee aeµ aeτ
a∗eµ aµµ aµτ
a∗eτ a
∗
µτ aττ

−
4
3
E


cee ceµ ceτ
c∗eµ cµµ cµτ
c∗eτ c
∗
µτ cττ

 , (9)
where U is the neutrino mixing matrix, GF is the Fermi constant and Ne is the number den-
sity of electrons. The factor −4/3 in HLIV arises from the non-observability of the Minkowski
trace of the CPT-even LIV parameter cL, which forces the xx, yy, and zz components to be
related to the 00 component [17]. Since the mass dimensions of aαβ and cαβ LIV parameters
5
are different, the effect of aαβ is proportional to the baseline L, whereas cαβ is proportional to
LE and in this work we focus only on the impact of aαβ parameters on the physics potential
of currently running long-baseline experiments NOνA and T2K. Another possible way to
introduce an isotropic Lorentz invariance violation is by considering the modified dispersion
relation (MDR) preserving rotational symmetry [56], which can be expressed as
E2 −
(
1− f
( |~p|
E
))
|~p|2 = m2, (10)
where the perturbative function f preserves the rotational invariance. However, this ap-
proach is not adopted in this work.
It should be noted that, the Hamiltonian in the presence of LIV (7), is analogous to that
in the presence of NSI in propagation, which is expressed as [57]
H = Hvac +Hmat +HNSI , (11)
with
HNSI =
√
2GFNe


ǫmee ǫ
m
eµ ǫ
m
eτ
ǫmµe ǫ
m
µµ ǫ
m
µτ
ǫmτe ǫ
m
τµ ǫ
m
ττ

 , (12)
where ǫmαβ characterizes the relative strength between the matter effect due to NSI and the
standard scenario. Thus, one obtains a correlation between the NSI and CPT violating
scenarios through
aαβ =
√
2GFNeǫ
m
αβ ≡ VCCǫmαβ , (13)
where VCC =
√
2GFNe. The off-diagonal elements of the CPT violating LIV Hamiltonian
(aeµ, aeτ and aµτ ) are the lepton flavor violating LIV parameters, which can affect the
neutrino flavour transition, are our subject of interest. These parameters are expected to be
highly suppressed and the current limits on their values (in GeV), which are constrained by
Super-Kamikande atmoshperic neutrinos data at 95% C.L. [44] as
|aeµ| < 2.5× 10−23 , |aeτ | < 5× 10−23 , |aµτ | < 8.3× 10−24 . (14)
III. SIMULATION DETAILS
In this section, we briefly describe the experimental features of T2K and NOνA experi-
ments that we consider in the analysis.
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NOνA is a currently running long-baseline accelerator experiment, with two totally active
scintillator detectors, Near Detector (ND) and Far Detector (FD). ND is placed at around 1
km and FD is at a distance of 810 km away from source and both the detectors are off-axial
by 14.6 mrad in nature, which provides a large flux of neutrinos at an energy of 2 GeV, the
energy at which oscillation from νµ to νe is expected to be at a maximum. It uses very high
intensity νµ beam, coming from NuMI beam of Fermilab, with beam power 0.7 MW and
120 GeV proton energy corresponding to 6× 1020 POT per year. This νµ beam is detected
by the ND of mass 280 ton at Fermilab site and the oscillated neutrino beam is observed
by 14 kton far detector located near Ash River. We assume 45% (100%) signal efficiencies
for both electron (muon) neutrino and anti-neutrino signals. The background efficiencies for
mis-identified muons (anti-muons) at the detector as 0.83% (0.22%). The neutral current
background efficiency for muon neutrino (antineutrino) is 2% (3%). The background contri-
bution coming from the existence of electron neutrino (anti-neutrino) in the beam, so called
intrinsic beam contamination is about 26% (18%). Apart from these, we assume that 5%
uncertainty on signal normalization and 10% on background normalization. The auxiliary
files and experimental specification of NOνA experiment that we use for the analysis is taken
from [58].
T2K (Tokai to Kamioka) experiment is making use of muon neutrino/anti-neutrino beam
produced at Tokai which is directed towards the detector of fiducial mass 22.5 kt kept 295
km far away at Kamioka [59]. The detector is kept 2.5◦ off-axial to the neutrino beam axis
so that neutrino flux peaks around 0.6 GeV. To simulate T2K experiment, we consider the
proton beam power of 750 kW and with proton energy of 30 GeV which corresponds to
a total exposure of 7.8 ×1021 protons on target (POT) with 1:1 ratio of neutrino to anti-
neutrino modes. We match the signal and back-ground event rates as given in the latest
publication of the T2K collaboration [60]. We consider an uncorrelated 5% normalization
error on signal and 10% normalization error on background for both the appearance and
disappearance channels as given in reference [60] for both the neutrino and anti-neutrino.
We use the Preliminary Earth Reference Matter (PREM) profile to calculate line-averaged
constant Earth matter density (ρavg=2.8 g/cm
3) for both NOνA and T2K experiments.
We use GLoBES software package along with snu plugin [61, 62] to simulate the ex-
periments. The implementation of LIV in neutrino oscillation scenario has been done by
modifying the snu code in accordance with the Lorentz violating Hamiltonian (7). We use
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Parameter True value Marginalization Range
sin2 θ12 0.310 Not marginalized
sin2 θ13 0.0224 Not marginalized
sin2 θ23 0.5 [0.4, 0.6]
δCP −pi/2 [−pi, pi]
∆m221 7.39× 10−5eV2 Not marginalized
∆m231 2.5 × 10−3eV2 [2.36, 2.64] × 10−3eV2
TABLE I: The values of oscillation parameters that we consider in our analysis [63].
the values of standard three flavor oscillation parameters as given in Table I and consider
one LIV parameter at a time, while setting all other parameters to zero unless otherwise
mentioned. As mentioned before, we have considered only the isotropic CPT violating pa-
rameters (aαβ) for our analysis. The values of the LIV parameters considered in our analysis
are: |aeµ| = |aµτ | = |aeτ | = 2× 10−23 GeV and |aee| = |aµµ| = |aττ | = 1× 10−22 GeV.
IV. EFFECT OF LIV PARAMETERS ON νµ → νe AND νµ → νµ OSCILLATION
CHANNELS
In this section, we discuss the effect of LIV parameters aαβ = |aαβ |eiφαβ , (φαβ = 0, for α =
β), on νµ → νe oscillation channel, as the long-baseline experiments are mainly looking at
this oscillation channel. The evolution equation for a neutrino state |ν〉 = (|νe〉, |νµ〉, |ντ 〉)T ,
travelling a distance x, can be expressed as
i
d
dx
|ν〉 = H|ν〉, (15)
where H is the effective Hamiltonian given in Eq. (7). Then the oscillation probability for
the transition να → νβ , after travelling a distance L can be obtained as is
Pαβ = |〈νβ|να(L)〉|2 =
∣∣〈νβ|e−iHL|να〉∣∣2 . (16)
Neglecting higher order terms, the oscillation probability for νµ → νe channel in the presence
of LIV for NH can be expressed, which is analogous to the NSI case as [64–74],
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P LIVµe ≃ x2f 2 + 2xyfg cos(∆ + δCP ) + y2g2 + 4rA|aeµ|
{
xf
[
fs223 cos(φeµ + δCP )
+ gc223 cos(∆ + δCP + φeµ)
]
+ yg
[
gc223 cosφeµ + fs
2
23 cos(∆− φeµ)
]}
+ 4rA|aeτ |s23c23
{
xf
[
f cos(φeτ + δCP )− g cos(∆ + δCP + φeτ )
]
− yg[g cosφeτ − f cos(∆− φeτ)
]}
+ 4r2Ag
2c223|c23|aeµ| − s23|aeτ ||2
+ 4r2Af
2s223|s23|aeµ|+ c23|aeτ ||2 + 8r2Afgs23c23
{
c23 cos∆
[
s23(|aeµ|2 − |aeτ |2)
+ 2c23|aeµ||aeτ | cos(φeµ − φeτ)
]− |aeµ||aeτ | cos(∆− φeµ + φeτ )}+O(s213a, s13a2, a3) ,
(17)
where
x = 2s13s23 , y = 2rs12c12c23 , r = |∆m221/∆m231| , ∆ =
∆m231L
4E
, VCC =
√
2GFNe
f =
sin
[
∆(1 − rA(VCC + aee))
]
1− rA(VCC + aee) , g =
sin
[
∆rA(VCC + aee)
]
rA(VCC + aee)
, rA =
2E
∆m231
, (18)
and sij = sin θij , cij = cos θij . The antineutrino probability P
LIV
µ¯e¯ can be obtained from (17)
by replacing VCC → −VCC , δCP → −δCP and aαβ → −a∗αβ . Similar expression for inverse
hierarchy can be obtained by substituting ∆m231 → −∆m231, i,e., ∆ → −∆ and rA → −rA.
One can notice from Eq. (17), that only the LIV parameters aee, aeµ and aeτ contribute to
appearance probability expression at leading order and the rest of the parameters appear
only on sub-leading terms. Since Eq. (17) is valid only for small non-diagonal LIV parameter
aαβ , in our simulations the oscillation probabilities are evaluated using Eq. (16) without any
such approximation, by modifying the neutrino oscillation probability function inside snu.c
and implementing the Lorentz violating Hamiltonian (7).
The expression for the survival probability for the transition νµ → νµ, up to O(r, s13, aαβ)
is [66],
P LIVµµ ≃ 1− sin2 2θ23 sin2∆
− |aµτ | cosφµτ sin 2θ23
[
(2rA∆) sin
2 2θ23 sin 2∆ + 4 cos
2 2θ23rA sin
2∆
]
+ (|aµµ| − |aττ |) sin2 2θ23 cos 2θ23
[
(rA∆) sin 2∆− 2rA sin2∆
]
. (19)
It is important to observe from the survival probability expression (19) that, the LIV param-
eters involved in νµ → νe transitions do not take part in νµ → νµ channel. This probability
depends only on the new parameters aµµ, |aµτ |, φµτ and aττ .
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FIG. 1: The numerical oscillation probabilities for νe appearance channel as a function of neutrino
energy for NOνA experiment, in presence of Lorentz violating parameters aeµ, aeτ and aee in the
left panel. The difference in the oscillation probabilities (in %) with and without LIV are shown in
the middle panel whereas the relative change in probabilities are in the right panel.
The effect of LIV parameters on νµ → νe channel for NOνA experiment is displayed in Fig.
1. The left panel of the figure shows how the oscillation probability gets modified in presence
of LIV, the absolute difference of standard case from Lorentz violating case (in %) is shown
in the middle panel and the relative change of the probability
|PLIV
αβ
−PSM
αβ
|
PSM
αβ
is shown in the
right panel of the figure. In each plot, the black curve corresponds to oscillation probability
in the standard three flavor oscillation paradigm and red (blue) dotted curve corresponds
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FIG. 2: Same as Fig.1 for the νµ survival probabilities as a function of neutrino energy in presence
of aµµ, aµτ , and aττ LIV parameters for NOνA experiment.
to the oscillation probability in presence of LIV parameters with positive (negative) value.
From Fig. 1, it is clear that all the three aeµ, aeτ and aee LIV parameters have significant
impact on the oscillation probability. It should be further noted that the parameters aeτ
and aeµ have impact on the amplitude of oscillation and aee is affecting to phase of the
oscillation, which can be seen from the Eq. (17). It should be noted from the figure
that positive and negative values for LIV parameter aeτ , shift the probabilities in opposite
direction of the standard probability curve, while the case of aeµ is just opposite to that of
aeτ and it also creates a distortion on the probability. Also as seen from the right panel of
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the Fig.1, the relative change of the probability for LIV case with respect to the standard
case, becomes significant towards lower energy. Furthermore, it should be inferred from
the left panel of the figure that the positive and negative values of LIV parameters affect
the oscillation probabilities differently. However, the result is qualitatively independent of
the actual sign of LIV parameters, i.e., the spectral form of the probability is same as the
standard case both for positive and negative values of LIV parameters, either it is enhanced
or reduced with respect to the standard oscillation probability. Hence, one can take the |aαβ |
for sensitivity study of the experiment in presence of LIV parameters. In Fig. 2, the effect
of LIV parameters aµµ, aµτ , and aττ on νµ survival probability is displayed. Analogous to
the previous case, here also the effects of the parameters are noticeable; the parameter |aµτ |
significantly modifies the probability, whereas the changes due to aµµ and aττ are negligibly
small. In all cases, the positive or negative values of the LIV parameters are responsible for
the decrease or enhancement of the oscillation probabilities. In the middle (right) panel of
Fig. 2, we show the change (relative change) in oscillation probability due to the effect of
LIV parameters.
V. SENSITIVITY LIMITS ON THE LIV PARAMETERS
In this section, we analyse the potential of T2K, NOνA, and the synergy of T2K and
NOνA to constrain the LIV parameters. From Eqns. (16) and (18) or from Fig. 1 and Fig.
2, it can be seen that the LIV parameters |aeµ| and |aeτ | along with LIV phases φeµ and
φeτ play major role in appearance channel (νµ → νe), whereas |aµτ | and φµτ influence the
survival channel (νµ → νµ). In order to see their sensitivities at probability level, we define
two quantities, ∆Pµe =
|PLIVµe −P
SM
µe |
P SMµe
and ∆Pµµ =
|PLIVµµ −P
SM
µµ |
P SMµµ
, which provide the information
about the relative change in probability due to the presence of LIV term from the standard
case. We evaluate their values for various LIV parameters and display them in aαβ − φαβ
plane in Fig. 3. From the left panel of the figure, one can see that the observable ∆Pµe
has maximum value at the yellow region, for φeµ ≈ 45◦, if aeµ is positive, whereas for
negative value of aeµ, ∆Pµe is maximum for φeµ ≈ −135◦. This nature of ∆Pµe can be
easily understood from Eq. (16), as the appearance probability depends on sine and cosine
functions of φeµ. However, the nature of ∆Pµe for eτ sector is quite different from that of
eµ sector, even-though the appearance probability depends upon sine and cosine functions
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FIG. 3: Representation of∆Pµe and ∆Pµµ in aαβ−φαβ LIV parameter space for NOνA experiment.
The left (middle) panel is for the sensitivities of ∆Pµe in aeµ−φeµ (aeτ −φeτ ) plane and right panel
is for ∆Pµµ in the aµτ − φµτ plane. The color bars in right side of each plot represent the relative
change of the ∆Pαβ in the corresponding plane.
of φeτ . This is due to the opposite sign on |aeµ| and |aeτ | dependent terms in oscillation
probability. As the LIV parameter |aµτ | mainly appears on the survival channel, we calculate
∆Pµµ which has cosine dependence on φµτ and display it in the right panel of the figure.
Next, we analyze the potential of T2K, NOνA, and the synergy of T2K and NOνA
to constrain the various LIV parameters, which are shown in Fig. 4. In order to obtain
these values, we compare the true event spectra which are generated in the standard three
flavor oscillation paradigm with the test event spectra which are simulated by including one
LIV parameter at a time and show the marginalized sensitivities as a function of the LIV
parameters, |aαβ |. The values of ∆χ2αβ are evaluated using the standard rules as described
in GLoBES and the details are presented in the Appendix. From the figure, we can see
that the sensitivities on LIV parameters obtained from T2K are much weaker than NOνA
and the synergy of T2K and NOνA can improve the sensitivities on these parameters. For
a direct comparison, we give the sensitivity limits on each LIV parameter (in GeV) at 2σ
C.L. in Table II. All these limits are slightly weaker than the bounds obtained from Super-
Kamiokande Collaboration (14).
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FIG. 4: The sensitivities on LIV parameters from NOνA and T2K experiments.
LIV parameter
Sensitivity limit on LIV parameter
T2K NOνA T2K+NOνA
|aeµ| < 1.02 × 10−22 < 0.46 × 10−22 < 0.36 × 10−22
|aeτ | < 2.82 × 10−22 < 1.71 × 10−22 < 1.08 × 10−22
|aµτ | < 2.28 × 10−22 < 0.93 × 10−22 < 0.8 × 10−22
aee [−12.62 : 10.47] × 10−22 [−5.97 : 3.82] × 10−22 [−5.52 : 3.29] × 10−22
aµµ [−4.09 : 4.24] × 10−22 [−1.09 : 1.19] × 10−22 [−1.07 : 1.18] × 10−22
aττ [−4.33 : 4.3]× 10−22 [−1.22 : 0.96] × 10−22 [−1.12 : 0.93] × 10−22
TABLE II: The sensitivity limits on each LIV parameters (in GeV) at 2σ C.L. from T2K, NOνA,
and synergy between T2K and NOνA.
VI. EFFECT OF LIV ON VARIOUS SENSITIVITIES OF NOνA
In this section, we discuss the effect of LIV on the sensitivities of long-baseline experiment
to determine neutrino mass ordering and CP-violation by taking NOνA as a case of study.
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FIG. 5: CP Violation sensitivity as a function of true values of δCP for NOνA experiment. Standard
case is represented by black curve in each plot. The top-left panel is for diagonal Lorentz violating
parameters and non-diagonal LIV parameters in eµ, eτ and µτ sectors shown in top-right, bottom-
left and bottom-right panels respectively.
In addition to this, we also present the correlations between the LIV parameters and the
standard oscillation parameters θ23 and δCP .
A. CP violation discovery potential
It is well known that the determination of the CP violating phase δCP is one of the
most challenging issues in neutrino physics today. CP violation in the leptonic sector may
provide the key ingredient to explain the observed baryon asymmetry of the Universe through
leptogenesis. In this section, we discuss how the CP violation sensitivity of NOνA experiment
gets affected due to impact of LIV parameters. Fig. 5 shows the significance with which
CP violation, i.e. δCP 6= 0,±π can be determined for different true values of δCP . For the
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calculation of sensitivities, we have used the oscillation parameters as mentioned in Table
I. Also, the amplitude of all the diagonal LIV parameters considered as 1 × 10−22 GeV
and non-diagonal elements as 2× 10−23 GeV. The expression for the test statistics ∆χ2CPV ,
which quantifies the CP violation sensitivity is provided in the Appendix. We consider here
the true hierarchy as normal, true parameters as given in Table I, and vary the true value
for δCP in the allowed range [−π, π]. Also the possibility of exclusion of CP conserving
phases has been shown by taking the test spectrum δCP value as 0, ±π. This exclusion
sensitivity is obtained by calculating the minimum ∆χ2min after doing marginalization over
both hierarchies NH and IH, as well as ∆m231 and sin
2 θ23 in their 3σ ranges. The CPV
sensitivity for standard case and in presence of diagonal LIV parameters is shown in the top
left panel of Fig. 5. The black curve depicts the standard case, and for diagonal elements
aee, aµµ and aττ , the corresponding plots are displayed by blue, green and red respectively.
Further, we show the sensitivity in presence of non-diagonal LIV parameters in eµ, eτ , and
µτ sectors respectively in the top right, bottom left, and bottom right panels of the same
figure. As the extra phases of the non-diagonal parameters can affect the CPV sensitivity,
we calculate the value of ∆χ2min for a particular value of δCP by varying the phase φαβ in
its allowed range [−π, π], which results in a band structure. It can be seen from figure that
LIV can significantly affect the CPV discovery potential of the NOνA experiment. All the
three non-diagonal LIV parameters have significant impact on CPV sensitivity. It can be
seen from the figure that CPV sensitivity spans on both sides of standard case in presence
of non-diagonal LIV parameters. Although there is a possibility that the sensitivity can
be deteriorated in presence of LIV for some particular true value of the phase of the non-
diagonal parameter (φαβ), for most of the case the CP violation sensitivity is significantly
get enhanced. Moreover, one can expect some sensitivity where there is less or no such
significance for δCP regions in standard case. Further, the parameters aeµ and aeτ have
comparatively large effect on the sensitivity with respect to to aµτ . Similar observation can
also be found by considering inverted hierarchy.
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FIG. 6: The oscillation probability for NOνA experiment as a function of energy in presence of
non-diagonal LIV parameters |aeµ|, |aeτ | and |aµτ | are shown in top-let, top-right and bottom-left
panels respectively. The effect of diagonal LIV parameter aee shown in bottom-right panel.
B. MH Sensitivity
Mass hierarchy determination is one of the main objectives of the long baseline experi-
ments. It is determined by considering true hierarchy as NH (IH) and comparing it with the
test hierarchy, assumed to be opposite to the true case, i.e., IH (NH). Fig. 6 shows the effect
of LIV parameters on MH sensitivity at oscillation probability level. We obtain the bands
by varying the δCP within its allowed range [−π, π] and considering the other parameters as
given in the Table I, and the amplitude of all the non-diagonal LIV elements as 2 × 10−23
GeV and diagonal LIV elements as 1 × 10−22 GeV. The red (green) band in the figure is
for NH (IH) case with standard matter effect. There is some overlapped region between
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the two bands for some values of δCP , where determination of neutrino mass ordering is
difficult. The blue and orange bands represent the NH and IH case in presence of the LIV
parameters respectively. It can be seen that the parameter aeµ and aee have significant effect
on the appearance probability energy spectrum compared to other two parameters. The two
bands NH and IH shifted to higher values of probability and have more overlapped regions
in presence of aeµ. The presence of aee shifted the NH band to higher values and IH band
shifted to lower values of probabilities compared to standard case. Whereas the effects of
aeτ and aµτ are negligibly small.
Next, we calculate the ∆χ2MH by comparing true event and test event spectra which are
generated for the oscillation parameters in the Table I for each true value of δCP . In order
to get the minimum deviation or ∆χ2min, we do marginalization over δCP , θ23 and ∆m
2
31 in
their allowed regions. In Fig. 7, we show the mass hierarchy sensitivity of NOνA experiment
for standard paradigm and in presence of diagonal LIV parameter. The left (right) panel
of the figure corresponds to the MH sensitivity for true NH (IH). It can be seen from the
figure that for standard matter effect case (black curve), the test hierarchy can be ruled out
in upper half plane (UHP) (0 < δCP < π) and lower half plane (LHP) (−π < δCP < 0) for
true NH and IH respectively above 2σ C.L.. The other half plane is unfavourable for mass
hierarchy determination. The parameter aee is found to give significant enhancement from
the standard case compared to aµµ.
It should also be emphasized that mass hierarchy can be measured precisely above 3σ
C.L. for most of the δCP region in presence of aee for true value in both NH and IH.
The MH sensitivity in presence non-diagonal Lorentz violating parameters aαβ is shown
in Fig. 8. As the non-diagonal LIV parameters introduce new phases, we do marginalization
over new phases in their allowed range, i.e., [−π, π] while obtaining the MH sensitivity. In all
the three cases, the MH sensitivity expands around the MH sensitivity in the standard three
flavor framework. From the figure, it can be seen that the non-diagonal LIV parameters
significantly affect the sensitivity which crucially depends on the value of new phase. Similar
analysis can be studied considering IH as the true hierarchy.
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FIG. 7: Mass hierarchy sensitivity as function of δCP for NOνA experiment. Left (right) panel
is for NH (IH) as true value. Black curve represents the standard matter effect case without any
LIV parameter. Red and blue dotted curves represent the sensitivity in the presence of diagonal
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FIG. 9: Correlation between LIV parameters and θ23 in |aαβ | − sin2 θ23 plane at 1σ, 2σ and 3σ
C.L. for NOνA experiment.
C. Correlations between LIV parameters with δCP and θ23
In this section, we show the correlation between the LIV parameters and the standard
oscillation parameters θ23 and δCP in |aαβ| − θ23 and |aαβ| − δCP planes. Fig. 9 (10) shows
the correlation for aee, aµµ, aττ , |aeµ|, |aeτ |, |aµτ | and θ23 (δCP ), at 1σ, 2σ, 3σ C.L. in two
dimensional plane. In both figures upper (lower) panel is for aee, aµµ and aττ (|aeµ|, |aeτ |,
|aµτ |). In order to obtain these correlations, we set the true value of LIV parameters to zero
and the standard oscillation parameters as given in Table I. Further, we do marginalization
over sin2 θ23, δCP , and∆m
2
31 for both hierarchies. In the case of non-diagonal LIV parameters,
|aeµ|, |aeτ |, |aµτ |, we also do marginalization over the additional phase φαβ. From the plots
it can be noticed that precise determination of θ23 will provide useful information about the
possible interplay of LIV physics.
20
-180
-90
 0
 90
 180
-80 -40  0  40  80  120
δ c
p
 [
D
e
g
.]
aee [10
-23
GeV]
1σ
2σ
3σ
  True Point  
-180
-90
 0
 90
 180
-20 -10  0  10  20  30  40
δ c
p
 [
D
e
g
.]
aµµ [10
-23
GeV]
1σ
2σ
3σ
  True Point  
-180
-90
 0
 90
 180
-20 -10  0  10  20  30  40
δ c
p
 [
D
e
g
.]
aττ [10
-23
GeV]
1σ
2σ
3σ
  True Point  
-180
-90
 0
 90
 180
 0  4  8  12  16
δ c
p
 [
D
e
g
.]
|aeµ| [10
-23
GeV]
1σ
2σ
3σ
  True Point  
-180
-90
 0
 90
 180
 0  8  16  24  32
δ c
p
 [
D
e
g
.]
| aeτ | [10
-23
GeV]
1σ
2σ
3σ
  True Point  
-180
-90
 0
 90
 180
 0  4  8  12  16  20  24
δ c
p
 [
D
e
g
.]
|aµτ| [10
-23
GeV]
1σ
2σ
3σ
  True Point  
FIG. 10: Correlation between LIV parameters and δCP in |aαβ| − δCP plane at 1σ, 2σ and 3σ C.L.
for NOνA experiment.
VII. SUMMARY AND CONCLUSION
It is well known that, neutrino oscillation physics has entered a precision era, and the
currently running accelerator based long-baseline experiment NOνA is expected to shed
light on the current unknown parameters in the standard oscillation framework, such as
the mass ordering as well as the leptonic CP phase δCP . However, the possible interplay
of potential new physics scenarios can hinder the clean determination of these parameters.
Lorentz invariance is one of the fundamental properties of space time in the standard version
of relativity. Nevertheless, the possibility of small violation of this fundamental symmetry
has been explored in various extensions of the SM in recent times and a variety of possible
experiments for the search of such signals have been proposed over the years. In this context,
the study of neutrino properties can also provide a suitable testing ground to look for the
effects of LIV parameters as neutrino phenomenology is extremely rich and spans over a
very wide range of energies. In this work, we have studied in detail the impact of Lorentz
Invariance violating parameters on the currently running long-baseline experiments T2K
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and NOνA and our findings are summarized below.
• Considering the effect of only one LIV parameter at a time, we have obtained the sen-
sitivity limits on these parameters for the currently running long baseline experiments
T2K and NOνA. We found that the limits obtained from T2K are much weaker than
that of NOνA and the synergy of T2K and NOνA can significantly improve these
sensitivities.
• We have also explored the phenomenological consequences introduced in the neutrino
oscillation physics due to the presence of Lorentz-Invariance violation on the sensi-
tivity studies of long-baseline experiments by considering NOνA as a case study. We
mainly focused on how the oscillation probabilities, which govern the neutrino flavor
transitions, get modified in presence of different LIV parameters. In particular, we
have considered the impact of the LIV parameters |aeµ|, |aeτ |, |aµτ |, aee, aµµ and aττ .
We found that the parameters |aeµ|, |aeτ | and aee significantly affect the νµ → νe tran-
sition probability Pµe, while the effect of |aµτ |, aµµ, aττ on the survival probability Pµµ
is minimal. We also found that |aeµ| creates a distortion on the appearance probability.
• We further investigated the impact of LIV parameters on the determination of mass
hierarchy and CP violation discovery potential and found that the presence of LIV
parameters significantly affect these sensitivities. In fact, the mass hierarchy sensitivity
and CPV sensitivity are enhanced or deteriorated significantly in presence of LIV
parameters as these sensitivities crucially depend on the new CP-violating phase of
these parameters.
• We also obtained the correlation plots between sin2 θ23 and |aαβ| as well as between
δCP and |aαβ|. From these confidence regions, it can be ascertained that it is possible
to obtain the limits on the LIV parameters once sin2 θ23 is precisely determined.
In conclusion, we found that T2K and NOνA have the potential to explore the new physics
associated with Lorentz invariance violation and can provide constraints on these parameters.
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Appendix: Details of χ2 analysis
In our analysis, we have performed the χ2 analysis by comparing true (observed) event
spectra N truei with test (predicted) event spectra N
test
i , and its general form is given by
χ2stat(~ptrue, ~ptest) = −
∑
i∈bins
2
[
N testi −N truei −N truei ln
(
N testi
N truei
)]
, (20)
where ~p is the array of standard neutrino oscillation parameters. However, for numerical
calculation of χ2, we also include the systematic errors using pull method. This is usually
done with the help of nuisance systematic parameters as discussed in the GLoBES manual.
In presence of systematics, the predicted event spectra modify as N testi → N ′ testi = N testi (1+∑n
j=1 π
j
i ξ
2
j ), where π
j
i is the systematic error associated with signals and backgrounds and
ξj is the pull. Therefore, the Poissonian χ
2 becomes
χ2(~ptrue, ~ptest, ~ξ) = −min
~ξj
∑
i∈bins
2
[
N
′ test
i −N truei −N truei ln
(
N
′ test
i
N truei
)]
+
n∑
j=1
ξ2j . (21)
Suppose ~q is the oscillation parameter in presence of Lorentz invariance violating parameters.
Then the sensitivity of LIV parameter aαβ can be evaluated as
∆χ2(atestαβ ) = χ
2
SO − χ2LIV , (22)
where χ2SO = χ
2(~ptrue, ~ptest), χ
2
LIV = χ
2(~ptrue, ~qtest). We obtain minimum ∆χ
2(atestαβ ) by doing
marginalization over sin2 θ23, δm
2
31, and δCP. Further, the sensitivities of current unknowns
in neutrino oscillation is given by
• CPV sensitivity:
∆χ2
CPV
(δtrueCP ) = min[χ
2(δtrueCP , δ
test
CP = 0), χ
2(δtrueCP , δ
test
CP = π)]. (23)
• MH sensitivity:
∆χ2
MH
= χ2
NH
− χ2
IH
(for true normal ordering), (24)
∆χ2MH = χ
2
IH − χ2NH (for true inverted ordering). (25)
Further, we obtain minimum χ2
MH
by doing marginalization over the oscillation parame-
ters sin2 θ23, ∆m
2
31, and δCP in the range [0.4:0.6], [2.36:2.64]×10−3 eV2 and [−180◦,180◦]
respectively, and for obtaining minimum χ2
CPV
marginalization is done over the oscillation
parameters sin2 θ23 and ∆m
2
31. While including the non-diagonal Lorentz violating parame-
ters aαβ , we also marginalize over their corresponding phases φαβ.
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